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Abstract
Locomotion in Caenorhabditis elegans requires force transmission through a network of proteins linking the skeletal muscle, via an
intervening basal lamina and epidermis (hypodermis), to the cuticle. Mutations in mua-6 result in hypodermal rupture, muscle detachment
from the bodywall, and progressive paralysis. It is shown that mua-6 encodes the cytoplasmic intermediate filament (cIF) A2 protein and
that a MUA-6/IFA-2::GFP fusion protein that rescues the presumptive mua-6 null allele localizes to hypodermal hemidesmosomes. This
result is consistent with what is known about the function of cIFs in vertebrates. Although MUA-6/IFA-2 is expressed embryonically, and
plays an essential postembryonic role in tissue integrity, it is not required for embryonic development of muscle–cuticle linkages nor for
the localization of other cIFs or hemidesmosome-associated proteins in the embryo. Finally, the molecular lesion in the mua-6(rh85) allele
suggests that the head domain of the MUA-6/IFA-2 is dispensable for its function.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Cytoplasmic intermediate filaments (cIFs) form stress-
resistant cytoplasmic networks and distribute force from
individual cells to neighboring cells or extracellular matrix
(ECM) via junctional complexes (Fuchs and Cleveland,
1998; Hermann and Aebi, 2000). In Caenorhabditis el-
egans, 11 cIF-encoding genes have been identified that fall
into five groups (A, B, C, D, and E) based on sequence and
predicted structural similarities (Dodemont et al., 1994;
Karabinos et al., 2001). Antibodies against these cIFs show
that they are differentially expressed in a wide variety of
cell types in C. elegans (Francis and Waterston, 1994;
Karabinos et al., 2001). Although the C. elegans cIFs are
not orthologous to vertebrate cIFs, appearing to have
evolved independently from the nuclear lamins, it is be-
lieved that they fulfill similar functions to vertebrate cIFs,
and that, like vertebrate cIFs, they have tissue-specific dis-
tributions and functions (Francis and Waterston, 1991; Er-
ber et al., 1998; Karabinos et al., 2001, 2002). Recent
epigenetic knockouts using RNA interference (RNAi) have
shown that A3 and B1 have essential embryonic roles, while
A1 and A2 are essential for larval development (Karabinos
et al., 2001; A. Chisholm, personal communication; this
study). RNAi disruption also suggests that A2, A3, and B1
primarily affect the epidermis (hypodermis), while A1 af-
fects the intestine. Furthermore, GFP driven by the IFA-2
promoter is expressed in hypodermal nuclei (Karabinos et
al., 2002).
In C. elegans, cIFs are found at sites of mechanical
stress, and are conspicuously associated with the force
transduction pathway that mechanically links skeletal mus-
cle to the exoskeleton (cuticle) (Francis and Waterston,
1991). As in other nematodes, the force generated by the
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bodywall muscles is transmitted to the cuticle through an
intervening basal lamina and hypodermis to drive locomo-
tion (Rosenbluth, 1965; Waterston, 1988). The muscles are
arranged in four longitudinal quadrants and lie on a base-
ment membrane that separates them from the hypodermis.
The basal surface of the hypodermal cells rests on the
basement membrane and they secrete the cuticle from their
apical surface. Both muscle and hypodermis assemble cy-
toskeletal specializations and matrix receptor complexes to
make mechanical attachments to the intervening basal lam-
ina at the region of contact between the two tissues (Wa-
terston, 1988; Francis and Waterston, 1991). In the hypo-
dermis, these complexes prominently include cIFs and
hemidesmosomes.
In regions of muscle contact, the hypodermis becomes
locally compressed and hemidesmosomes assemble at the
basal and apical hypodermal surfaces (Waterston, 1988;
Francis and Waterston, 1991; Hresko et al., 1994). Although
C. elegans and vertebrate hemidesmosomes are not molec-
ularly identical (Bercher et al., 2001; Hahn and Labouesse,
2001), these structures are morphologically and functionally
similar. Both C. elegans and vertebrate hemidesmosomes
consist of membrane-associated electron dense plaques, are
associated with cIFs, and are required for attachment be-
tween matrix and epithelial cells (Francis and Waterston,
1991; Peixoto et al., 1998; Hresko, 1999; Bercher et al.,
2001; Staehelin, 1974). In C. elegans, hemidesmosomes at
the apical hypodermal membrane are linked via cIFs recog-
nized by the monoclonal antibody MH4 with basal hemides-
mosomes into complexes referred to as fibrous organelles
(Francis and Waterston, 1991).
In addition to cIFs, hypodermally expressed myotactin,
MUP-4, MUA-3, and VAB-10 (spectraplakin) localize to
hemidesmosomes (Francis and Waterston 1991; Hresko et
al., 1999; Bercher et al., 2001; Hong et al., 2001; Bosher et
al., 2003). Myotactin, MUP-4, and MUA-3 are transmem-
brane proteins that are proposed to link the hemidesmo-
somes to the extracellular matrix (cuticle or basal lamina),
while VAB-10 is a member of the plakin family of cytoskel-
etal linker proteins (Waterston and Francis, 1991; Hresko et
al., 1999; Bercher et al., 2001; Hong et al., 2001; Bosher et
al., 2003) In vertebrates, disruption of cIFs, or cIF-associ-
ated junctions, including hemidesmosomes, is associated
with a wide variety of human tissue fragility diseases (Fuchs
and Cleveland, 1998; Diaz and Guidice, 2000). Likewise, in
C. elegans, mutations in the genes encoding myotactin,
mua-3, mup-4, and vab-10 are all associated with tissue
fragility that results in detachment of skeletal muscle from
the bodywall at some time after muscle contraction begins
(Gatewood and Bucher, 1997; Hresko et al., 1999; Plene-
fisch et al., 2000; Bosher et al., 2003). Animals mutant for
mua-6 show a similar muscle detachment phenotype, sug-
gesting that it could also encode a hypodermally expressed
hemidesmosome-associated protein (Plenefisch et al.,
2000).
In this paper, we demonstrate that the mua-6 gene en-
codes the cytoplasmic intermediate filament subunit A2,
and its loss results in a hypodermal fragility phenotype.
Furthermore MUA-6/IFA-2 localizes to hypodermal
hemidesmosomes, but is not essential for their initial assem-
bly or the assembly of the associated MH4-reactive cIFs.
Finally, we discuss these results in the context of nematode
IF function and compare them with cIF-based tissue fragil-
ity disease in humans.
Materials and methods
Genetics and mapping
Standard C. elegans culture techniques and genetic meth-
ods were used (Lewis and Flemming, 1995). Mutations and
chromosomal aberrations used in this study, other than
mua-6, are described in Riddle et al. (1997) and Edgley et
al. (1995).
nc16 was shown to be allelic to rh85 by mating mnDp1/
nc16 males with dpy-1; mua-6 (rh85) animals. Both Mua
non-Dpy and non-Mua non-Dpy cross progeny were ob-
served, i.e., dpy-1/; nc16/rh85 and dpy-1/; mnDp1/
nc16/rh85, showing that nc16 fails to complement rh85 and
is presumably an allele of the mua-6 gene. ifa-2 lies on
cosmid W10G6, which is located between the breakpoints
of mnDf41 and mnDf4 in the lin-15-to-sup-10 interval (Fig.
1A; Nonet and Meyer, 1991; Dodemont et al., 1994). The
deficiency mnDf4 deletes lin-15 but not sdc-1, its right end
breakpoint is positioned in cosmid R12G12; mnDf41 deletes
sup-10 but does not delete sdc-1, its left end breakpoint is
positioned in cosmid R09G6. Males of genotype mnDp1/;
mnDf4/0 or mnDp1/; unc-3 mnDf41/0 were mated with
dpy-1(el); mua-6(rh85) animals. The F1 were examined for
evidence of non-Dpy Mua hermaphrodites; in neither case
were they observed. The resulting wild-type hermaphrodites
were selected and allowed to self: they were shown to
segregate wild-type, Mua, and dead eggs (homozygous Df)
in approximately 2:1:1 ratios. In addition, for mnDf41, Unc
recombinants that segregated Unc Mua were obtained (e.g.,
unc-3 mua-6 /unc-3  mnDf41); the entirety of these
results show that mua-6 maps between the mnDf41 and
mnDf4 breakpoints, as would be expected if mua-6 is ifa-2.
Immunological techniques
Fixation of embryos was as previously described
(Hresko et al., 1994). Fixation of larvae was as described by
Finney and Ruvkun (1990) and modified by Bettinger et al.
(1996) with the following alterations. Larvae were frozen in
the presence of fix containing 1% paraformaldehyde and
held overnight at80°C. Samples were fixed on ice for 4 h,
incubated in primary antibody overnight at 4°C and in
secondary antibodies (fluorescein-conjugated goat- or don-
key-anti-rabbit IgG and rhodamine-conjugated goat- or don-
key-anti-mouse IgG from Chemicon) at room temperature
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for 2 h. Stained samples were viewed on an Zeiss Axioskop
equipped for fluorescence and images obtained using a
Hamamatsu Camera with Axiovision v 2.2 software. Con-
focal images were obtained by using an Olympus IX70
Fluoview 300 (University of Toledo) or a Leica TCS SP2
(Leica) (Washington University).
The larval population stained contained either L1 larvae
or animals between L1 and L3. Populations of L1 larvae
were obtained by incubating embryos in the absence of food
for 16–18 h. Populations of L1–L3 larvae were obtained by
incubating embryos in the presence of food (OP50 bacteria)
for 16–18 h.
Western analysis was performed as in Francis and Wa-
terston (1991). To ensure approximately equal loading,
worms were washed off plates, rinsed and resuspended in
approximately 100 l of sterile PBS. Then, 2-l aliquots
were spotted onto glass slides and the number of L3–adult
stage worms counted. Next, 100 l of loading buffer was
added to the worm slurry and the samples boiled for 5 min,
vortexed, and boiled an additional 3 min. Based on worm
densities per sample, appropriate volumes were loaded into
a 10% SDS-PAGE gel with loading buffer to ensure ap-
proximately equal amount of worm protein in each lane.
The gel was run at 50 milliamps for 4 h and transferred to
nitrocellulose at 290 milliamps for 3 h. The Westerns were
blocked for 1 h in 1% BSA/TBST, probed with the appro-
priate antibody diluted in TBST for 2 h. Blots were then
treated with an alkaline phosphatase-labeled secondary an-
tibody diluted in TBST for 1 h. Three 5-min rinses were
done after each antibody step. The substrate for the AP was
Nitro-BT (Blue Tetrazolium) and BCIP (5-bromo-4-chloro-
3-indoylphosphate) (Sigma, St. Louis, MO). Equal loading
was confirmed by showing equal amounts of alpha-actinin
in all lanes as revealed by probing the blots with MH35
(Francis and Waterston, 1985).
Transmission electron microscopy
L4 or adult mua-6(rh85) worms that showed evidence of
muscle detachment were washed in M9 buffer three to four
times for 5 min and then placed in fixative (2.5% glutaral-
dehyde, 1% paraformaldehyde in 0.1 M HEPES  0.05 M
sucrose, pH 7.6), cut open toward the posterior region of the
body to facilitate fixative penetration, and incubated for 1 h
at room temperature. After three buffer washes of 5 min
each in 0.2 M HEPES at room temperature, a secondary
fixative [0.5% OsO4, 0.5% KFe(CN)6 in 0.1 M Hepes] was
added and specimens incubated at room temperature be-
tween 40 min and 1 h. Three 5-min buffer washes were done
using both 0.2 M Hepes and then 0.1 M NaAc consecu-
tively, and animals were stained with 1% UAc in 0.1 M
NaAc for 1 h. After three 5-min buffer washes of 0.1 M
NaAc and 0.2 M Hepes done sequentially, animals were
kept overnight at 4°C under 0.2 M Hepes. Fixed specimens
were embedded in 3% agarose, dehydrated using ethanol
and propylene oxide, and subsequently embedded in resin
[Poly/Bed 812, DSA, NMA, BDMA] using the protocol of
Hall (1995). Serial transverse thin sections were collected
on copper slot grids and poststained with 5% UAc and
aqueous lead citrate and viewed on a Philips CM10 electron
microscope.
DNA sequencing
ifa-2 (Dodemont et al., 1994) was sequenced from three
nc16 and three rh85 homozygotes individually (Williams et
al., 1992). The entire coding region was sequenced in each
case and most of the intronic regions. Gene sequence was
amplified from single mutant homozygotes using primers
309 (AGCCATTCGTCTGACTTTC) and 310 (CACCTCT-
TCGTGTACAAG) and Biolase polymerase (Bioline). The
resulting product pool was reamplified by using nested
primers 301 (CACATTGTCCCTGAATTGC) and 308 (TT-
GGGGTTCAGATTCTGG). The pool of reamplified prod-
ucts was treated with exonuclease I and shrimp alkaline
phosphatase (both from USB Biochemicals) at 37°C for 30
min to digest the unused primers (Werle et al., 1994) and at
80°C for 15 min to inactivate the two enzymes. The treated
amplification products were used as templates for sequenc-
ing using BIG DYE sequencing kits (ABI). The primers
used for sequencing were 301, 302 (GCAATGGCTA-
GAATTGCTC), 303 (TGGATCCTATTCTGGAGAG), 304
Fig. 1. mua-6 maps to the ifa-2 locus, and mua-6 alleles are ifa-2 sequence
alterations. (A) Chromosomal position of mua-6 and ifa-2. Genetic (top)
and physical cosmid overlap (bottom) maps of the mua-6 interval are
shown. Dashed vertical lines show positions of landmarks that anchor the
two maps. Location of ifa-2 on cosmid W10G6 is indicated. The markers
lin-15 and sup-10, originally used to position mua-6 to the smaller interval
shown, lie 545 kb to the left and 1.25 Mb to the right of the region shown,
respectively. (B) Molecular lesions in ifa-2 associated with two mua-6
alleles. Boxes represent exons and lines represent introns of the wild-type
gene. The box labeled SL1 is the transpliced leader sequence at the 5-prime
end of many C. elegans messages, including the ifa-2 message (Dodemont
et al., 1990). The coding region encodes 581 amino acids. Differences from
the wild-type IFA-2 sequence identified in mua-6(nc16) and (rh85) are
indicated, as well as the endogenous stop codon.
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(GGAGGAGATTGACTTCATG), 305 (GGAGGAGATT-
GACTTCATG), 306 (AGTGACTACAGTCAATGGC), 308,
320 (CTTCCAATGGCCATTGACTG), 321 (CGACACA-
CACACACAGAGAC), and 322 (GACGAAACATTCG-
GTGTTGG). The sequencing reactions were analyzed by
using a 377 gel analyzer (ABI). A single basepair change
was found in each case. The initiating-ATG was mutated to
ATA in all three of the rh85 homozygotes, and codon 368
was mutated from a glutamine (CAA) to a stop codon
(TAA) in all three nc16 homozygotes (Fig. 1B).
IFA-2::GFP fusion protein and generation of transgenic
strains
The ifa-2 gene, starting about 1.5 kb upstream of the
initiator ATG and ending with the penultimate codon, was
amplified by using the Expand polymerase system (Boerh-
inger Mannheim). The primers used, AAAACTGCAG-
GATGTCGTTTGTTGGCTTTGACG and AAAACTG-
CAGCAGTTGTAAAGGTGGAATAGGCG, contain a PstI
site at their 5-prime ends resulting in the addition of PstI
sites to both ends of the amplification products. The prod-
ucts were cut with PstI and cloned into the PstI site of the
PD95_75 vector provided by Andy Fire (Carnegie Institute
of Washington). This construct contains the 1.5 kb of se-
quence contained in the genome between the ifa-2 and the
ifa-3 genes and the coding region of the ifa-2 gene fused to
sequences encoding GFP.
The above construct was injected into wild-type N2
hermaphrodites according to published protocols (Mello et
al., 1991). The concentration of DNA in the injection solu-
tion was about 200 ng/l, 10% of which was
IFA-2::GFP-encoding DNA and 90% of which was Blue-
script (Stratagene). The progeny of the injected animals
were screened for GFP-dependent fluorescence by using a
dissecting microscope equipped for fluorescence micros-
copy (Leitz). Two independent, heritably transformed,
lines were obtained that are genotypically /;stEx92
and /;erEx1.
Transgenic arrays were introduced into a mua-6 back-
ground by mating. Array carrying males were crossed with
mua-6(rh85) or mua-6 (nc16)/szT1 hermaphrodites to gen-
erate mua-6/;Ex hermaphrodites and mua-6/O;Ex males.
It was noted that array-carrying males were never Mua,
suggesting rescue. From the hermaphrodites, strains ho-
mozygous for mua-6 and carrying the array were generated;
in both cases, animals expressing the IFA-2::GFP protein
were rescued for the Mua phenotype [99 of 100 animals for
mua-6(rh85); erEx1].
Results and discussion
mua-6 is required for hypodermal integrity
The initial screen for Mua mutations, which are defective
in bodywall muscle cell attachment, yielded two recessive
alleles of mua-6 (rh85 and rh225; Plenefisch et al., 2000). In
an unrelated screen, another Mua mutation was obtained
(nc16; Shioi et al., 2001) that we have found to be allelic to
rh85 and rh225. These mutations result in a postembryonic
onset of impaired locomotion and flaccid paralysis that is
associated with collapse of skeletal muscle away from the
body wall (Fig. 2), suggesting that MUA-6 protein is re-
quired for assembly or function of the structures linking
muscle to cuticle (Plenefisch et al., 2000). Homozygous
rh85 animals generally arrest development and die as L4
stage larvae with rare fertile adult survivors, rh225 homozy-
gotes invariably arrest and die by the L4 stage, and nc16
homozygotes at about the time of the L1–L2 molt (Plene-
fisch et al., 2000; Shioi et al., 2001).
The site of tissue separation in mua-6 mutants was de-
termined by transmission electron microscopy (TEM) ob-
servation of rh85 homozygotes and by examining the local-
ization of tissue marker proteins in nc16 homozygotes (Fig.
3). In TEM images, internal separation of the normally
compact hypodermis is seen where muscle detaches from
the body wall (Fig. 3B). Hypodermal membranes remain
tightly adhered to muscle and to cuticle. Muscle ultrastruc-
ture is relatively well organized at least in the initial stages
of detachment (Fig. 3B); however, sarcomeres can be dis-
torted due to shifting of the hypodermis and the muscle
quadrants drifting inward (data not shown).
The distribution of the MH5 protein (an isoform of
VAB-10; Bosher et al., 2003), myotactin, and MH4 reactive
cIFs was examined in nc16 homozygotes segregating from
rescued mua-6(nc16);stEx92 hermaphrodites. Larvae were
fixed and stained with rabbit anti-GFP, rabbit anti-vinculin/
DEB-1 (R3-3), and either MH4 (cIFs), MH5, or MH46
(anti-myotactin). Animals negative for GFP and with wild-
type distribution of vinculin are nonrescued animals whose
muscle cells are attached. In these animals, the distribution
of cIFs, the MH5 protein, and myotactin is similar to that of
wild-type worms (data not shown), as is the distribution of
MH5 protein and myotactin in regions of animals with
detached muscle where hypodermis still contacts muscle
(Fig. 3D and E, arrows), demonstrating that initial MH5
protein, myotactin, and cIF localization is not mua-6-depen-
dent. At the sites of muscle displacement, myotactin, which
localizes to the hypodermal membrane adjacent to muscle,
colocalizes with the muscle cells (Fig. 3C, D, and I, arrow-
Fig. 2. Mutations in mua-6 result in muscle detachment from bodywall. (A) Polarized light micrograph of young adult wild-type hermaphrodite. The four
skeletal muscles appear as birefringent bands arranged longitudinally along the dorsal and ventral hypodermis. (B) Polarized light micrograph of L4
mua-6(rh85) hermaphrodites showing detachment of the skeletal muscles from body wall. Arrows indicate sites where muscles have pulled away from their
normal anchorages and collapsed into the interior of the animals. Scale bars are 20 m.
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Fig. 3. The hypodermis ruptures in mua-6 mutants. (A and B) Electron micrographs of wild-type (A) and mua-6(rh85) (B) adult animals. Muscles (m), Cuticle
(c), Basal lamina (bl; arrows) and hypodermis (h, arrowheads in A and double-headed arrow in B). Note where the hypodermis (h, double-headed arrow)
has dramatically expanded in size in the mutant compared with wild-type with the apical and basal membranes apparently no longer tethered to each other.
(C–K) Whole larval stage worms segregating from nc16 homozygotes rescued with a MUA-6/IFA-2::GFP fusion protein fixed and stained with R3-3 (rabbit
anti-vinculin; C, E, G) and mouse monoclonal MH46 (anti-myotactin; D and I), MH5 (F and J), or MH4 (anti-cIF; H and K). Arrows mark regions along
the length of the worm where muscle cells appear attached, white arrowheads mark regions where the muscle cells have detached. (C, E, and G) These three
images show a muscle quadrant that is detached from the bodywall. (D and I) Same animal as in (C). Myotactin is associated with the detached muscle but
is not detected at the bodywall from where the muscle cells detached. (F and J) Same animal as in (E). The MH5 protein is associated with the detached muscle
and with the bodywall from where the muscles detached. (H and K) Same animal as in (E). Anti-intermediate-filament staining associated with the pharynx
is indicated (*). Intermediate filaments are associated with the detached muscle and with the bodywall from where the muscle cells detached. Scale bars are
1 m in (A) and (B), 10 m in (C–K).
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heads). The MH5 protein, which localizes to the hypoder-
mal membrane adjacent to muscle and that adjacent to
cuticle, colocalizes with both the displaced muscle and the
bodywall where muscle has detached (Fig. 3E, F, and J,
arrowheads). This is also true for MH4-positive cIFs (Fig.
3G, H, and K). These results, like the TEM data, suggest
that the hypodermis separates internally with the basal hy-
podermal membrane remaining associated with displaced
muscle and the apical hypodermal membrane remaining
associated with the cuticle.
Interestingly, the observation that both myotactin and the
MH5 protein distribute with the detached muscle, but only
the MH5 protein with the bodywall in ruptured regions of
the hypodermis in nc16 homozygotes, confirms previous
suggestions about their distribution (Francis and Waterston,
1991). Based on the distribution of myotactin and the MH5
protein in the pharynx, it was suggested that both localize to
the hypodermal membrane adjacent to muscle (basal mem-
brane), while only the MH5 protein localizes to the mem-
brane adjacent to the cuticle (apical membrane).
mua-6 encodes the intermediate filament A-2 protein
To better understand its role in hypodermal integrity,
mua-6 was cloned and its product identified. mua-6 was
mapped between lin-15 and sup-10 to a small physical
region that includes the cIF-encoding gene ifa-2 (Fig. 1A,
see Materials and methods). This gene encodes the A2 cIF
subunit identified by Dodemont et al. (1994), and is a good
candidate for mua-6 since cIFs are required for epidermal
integrity in vertebrates and hypodermal hemidesmosome–
cIF complexes help mediate muscle–cuticle force transduc-
tion in nematodes (Fuchs and Cleaveland, 1998; Hahn and
Labouesse, 2001). In addition, RNAi of ifa-2 results in a
mua-6-like muscle detachment phenotype (Karabinos et al.,
2001; data not shown). The coding region of ifa-2 was
tagged at its 3-prime end with GFP-coding sequence, and
introduced into mua-6 animals as an extrachromosomal
array. These animals, genotypically mua-6(rh85); erEx1 or
mua-6(nc16); stEx92, are phenotypically wild-type, sug-
gesting that ifa-2 is mua-6 (see Materials and methods).
The coding region of ifa-2 was sequenced and sequence
alterations identified in two different mua-6 alleles (Fig. 1B;
Materials and methods), confirming that mua-6 is ifa-2. The
nc16 allele contains a single mutation in codon 368 and
would alter the mRNA sequence from CAA (glutamine) to
UAA (stop). The nc16 allele is likely a null allele, given that
it results in the most severe phenotype and that messages
containing early stop codons are generally degraded by the
non-sense-mediated mRNA decay (NMD) (Wagner and
Lykke-Andersen, 2002). The rh85 allele contains a single
mutation that changes the initiation codon from AUG
(methionine) to AUA (isoleucine). This allele had been
previously shown to be completely suppressed by mutations
in smg genes (Plenefisch et al., 2000) that cause disruption
of NMD in C. elegans (Pulak and Anderson, 1993). Exam-
ination of the mua-6 mRNA sequence shows that 3-prime of
the normal initiation site are two out-of-frame AUG (at
nucleotide positions 82 and 176) codons before the next
in-frame AUG (at nucleotide position 226, codon position).
Only the first out-of-frame and the in-frame AUG are con-
tained in reasonably favorable sequence contexts for initia-
tion (Kozak, 1991; Blumenthal and Steward, 1997). A UAG
stop codon is found 30 nucleotides downstream of the first
out-of-frame AUG, terminating any translation that initiates
at this site. Since NMD is triggered by premature termina-
tion of translation upstream of exon junctions (reviewed in
Wagner and Lykke-Andersen, 2002), it is predicted that
translation of the short open reading frame initiated at the
first out-of-frame AUG will trigger NMD of the rh85
mRNA. Suppression of rh85 by the smg mutations thus
presumably results from preventing degradation of the rh85
mRNA and allowing translation and accumulation of an
inefficiently translated but functional protein from this mes-
sage. One possibility is that the rh85-encoded protein is the
result of translation from the in-frame AUG at position 226,
this would result in production of a truncated MUA-6 pro-
tein deleted for the head domain. Alternatively, full-length
MUA-6 protein may be produced by utilization of the mu-
tant AUA codon as the translational initiator codon. In
prokaryotes and yeast mitochondria, AUA has been shown
to support accurate translation initiation although often at
reduced levels of efficiency (Mulero and Fox, 1994; Suss-
man et al., 1996; Schoenhals et al., 1998). Recent studies
have also suggested that AUA may be used as a natural
initiation codon for some rare messages in higher eu-
karyotes (Hernandez et al., 2002).
The MH4 antibody that recognizes two prominent bands
of 68 and 70 kDa, respectively, on Western blots of wild-
type worm extracts has been reported to recognize IFA1,
A2, A3, and (weakly) B1 (Francis and Waterston, 1991;
Karabinos et al., 2001). MH4 recognizes an additional 100-
kDa, MH4-positive band in extracts from rh85 or nc16
animals rescued with the ifa-2::GFP transgene (Fig. 4A).
This size is similar to the calculated molecular weight of the
MUA-6/IFA-2::GFP fusion protein. No novel MH4 reactive
proteins were visualized in the mutant strains, nor were
novel bands visualized with other IF reactive antibodies p70
or IFA (Francis and Waterston, 1991; data not shown). In
particular, no novel bands were observed in the smg-2; rh85
strains (Fig. 4A, lane 3), suggesting that the MUA-6RH85
protein is either full length or at levels below detectability
with the antibodies used. Finally, MH4 reactivity at about
68–70 kDa is retained in rh85 and nc16 animal extracts,
confirming that MUA-6/IFA-2 is not the sole protein rec-
ognized by MH4.
MUA-6/IFA-2 localizes to hemidesmosomes
In rescued mua-6 transgenic animals expressing the
MUA-6/IFA-2::GFP fusion protein, GFP-dependent fluo-
rescence is observed organized into thin, circumferentially
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oriented stripes in regions of the hypodermis adjacent to
muscle (Fig. 4B). This distribution is similar to that of
hemidesmosome-associated cIFs. Furthermore, confocal
microscopy shows that MUA-6/IFA-2::GFP codistributes
with myotactin (Fig. 5), a protein that colocalizes with
hemidesmosome-associated intermediate filaments in the
hypodermis of wild-type animals (Fig. 5; Francis and Wa-
terston, 1991; Hresko et al., 1999). (cIF antibodies could not
be used since they recognize the MUA-6/IFA-2::GFP fusion
protein.) The localization of MUA-6/IFA-2 to hemidesmo-
somes is consistent with the involvement of this cIF in
tethering apical and basal hemidesmosomes across the hy-
podermis (Francis and Waterston, 1991).
MUA-6/IFA-2::GFP is also found in thin longitudinal
stripes where the mechanosensory neurons interface with
the hypodermis, a region of the hypodermis also shown to
contain hemidesmosomes (data not shown; Francis and Wa-
terston, 1991). Finally, MUA-6/IFA-2::GFP localizes to the
uterine seam and prominent fibers are visualized within the
uterine–vulval cells (Fig. 4C–E). Due to the severe affects
of mua-6 mutations on bodywall integrity in general, a
specific phenotype has not been ascribed to loss of MUA-
6/IFA-2 at these other sites.
The MUA-6/IFA-2::GFP fusion protein can already be
detected in embryos that are just starting to elongate (Fig.
6A). This stage is before hemidesmosome-associated inter-
mediate filaments are recruited to regions of the hypodermis
adjacent to muscle. By the three-fold stage of embryogen-
esis, the MUA-6/IFA-2::GFP fusion protein is detected in a
pattern that is consistent with its becoming associated with
hemidesmosomes (Fig. 6B). Interestingly, this embryonic
expression is well before a phenotypic requirement for
mua-6 is seen: nc16 homozygous animals progress through
embryogenesis and through all or most of the first larval
stage before hypodermal rupture is evident.
In addition to MUA-6/IFA-2, at least one other cIF
protein localizes to hypodermal hemidesmosomes and func-
tions in muscle cell attachment, as demonstrated by the
observation of MH4-positive hypodermal staining in mua-
6(nc16) homozygotes. Since nc16 is a presumptive null
allele, it is likely no MUA-6/IFA-2 protein is made in
animals homozygous for this mutation. Anti-GFP-negative
progeny segregating from a rescued animal with the geno-
type nc16;stEx92, presumably do not express MUA-6/
IFA-2 or MUA-6/IFA-2::GFP protein. However, these an-
imals are positive for the MH4 antibody, and the signal
detected in the hypodermis mirrors hemidesmosome posi-
tion (Fig. 6C and D). Therefore, cIF proteins not encoded by
mua-6, but that are recognized by MH4, are present at
hemidesmosomes. The MH4-positive cIFs in the pharynx
are not encoded by mua-6 either; pharynges of animals
expressing MUA-6/IFA-2::GFP are negative for GFP, but
positive for MH4 (Fig. 6E and F).
Interestingly, MUA-6/IFA-2 is not required for the initial
formation of MH4-reactive cIF filaments. In mua-6(nc16)
homozygotes the MH4-staining pattern appears wild-type,
restricted to regions of the hypodermis adjacent to muscle
and organized into thin, circumferentially oriented stripes.
In addition, if no functional cIFs were associated with the
hemidesmosomes in nc16 mutants, hypodermal rupture
would be expected soon after muscle contraction begins,
about 24 h before the rupture is actually seen. Therefore, cIF
proteins not encoded by mua-6 can assemble into functional
filaments at hemidesmosomes in the absence of MUA-6/
IFA-2. One likely candidate is IFA-3. IFA-3 shares 87%
identity with IFA-2 and is known to be MH4-reactive (Do-
demont et al., 1994; Karabinos et al., 2001). The IFA-3
RNAi phenotype is reminiscent of mua-6 with muscle cell
detachment from the body wall, although occurring earlier
(during embryogenesis) and resulting in lethality at the
three-fold stage (Karabinos et al., 2001; M.H.C., unpub-
lished results). A second possible candidate is IFB-1 that
weakly cross-reacts with MH4; this IF is also required for
hypodermal morphogeneis (Karabinos et al., 2001; A.
Chisholm, personal communication). Whether MUA-6/
IFA2 interacts directly to form copolymers with these other
MH4-positive protein(s) is not clear; however, it is clear that
MUA-6/IFA2 is not required to form functional cIFs that
include these other proteins. Thus, in wild-type animals,
MUA-6/IFA2 and the other MH4-positive proteins may
assemble into distinct filaments, each of which associates
independently with the hemidesmosomes. This is the case in
Fig. 4. MUA-6/IFA-2 is an MH4-reactive cIF that localizes to hypodermal hemidesmosomes. (A) MUA-6 protein is recognized by monoclonal antibody
MH4. Western blot of protein extracts from N2 (lane 1), mua-6(rh85) (lane 2); smg-2; mua-6(rh85) (lane 3); mua-6(rh85); erExl (lane 4); mua-6(nc16);
stEx92 (lane 5). (Molecular weight markers are in lane M.) The arrowhead indicates the position of the native IFA2/MUA-6. In animals carrying the ifa-2::gfp
fusion transgene (lanes 4 and 5), a novel protein is recognized. Lanes were loaded with approximately equal levels of protein; equal loading was confirmed
by showing equal amounts of alpha-actinin in all lanes (not shown). (B–E) Localization of the rescuing MUA-6/IFA-2::GFP-fusion protein in live unfixed
specimens. All animals are of genotype mua-6(nc11); stEx92, and thus do not express an endogenous MUA-6 gene. These animals are indistinguishable from
wildtype in phenotype. (B) Fluorescence micrograph showing a portion of an unfixed wild-type worm expressing the ifa-2::gfp transgene. The GFP-dependent
fluorescence is detected in thin stripes oriented perpendicular to the long axis of the worm in regions of the hypodermis adjacent to muscle. This is similar
to the distribution of hemidesmosome-associated intermediate filaments (Francis and Waterston, 1991). (C and D) MUA-6/IFA-2::GFP fusion protein is
prominently expressed in uterine cells at the vulva. (C) Standard fluorescence micrograph showing intense expression associated with the uterine seam (se,
arrows) and uterine–vulval cells (uv, arrowhead). (D) Ventral view of adult expressing MUA-6::GFP imaged by confocal microscopy. (E) Simultaneous DIC
image of worm shown in (D). Note that MUA-6/IFA-2::GFP is expressed in the uterine–vulval cells (uv, white arrowheads) not in the vulval muscles (vm,
dark arrowhead visible in E). Note the bright accumulations of MUA-6/IFA-2::GFP at the edges of the hemidesmosome rich regions of the hypodermis (B)
and the extensive MUA-6/IFA-2::GFP fibers running in lateral hypodermis (C and D); these accumulations vary in intensity and number depending on the
specific animal, and are probably due to overexpression of the transgene since they are not seen in wild-type animals stained with MH4. Scale bars are 20 m.
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Fig. 5. The MUA-6/IFA-2::GFP fusion protein colocalizes with myotactin. Fragment of a nc16 homozygote rescued by the expression of a
MUA-6/IFA-2::GFP fusion protein stained with anti-myotactin (A) or anti-GFP (B). (C) Merge of (A) and (B) shows that the two antibodies are coincident
(yellow color). Note that myotactin appears to localize to the accumulations of overexpressed MUA-6/IFA-2::GFP, suggesting that it may directly interact
with MUA-6. Scale bars are 20 m.
Fig. 6. Intermediate filaments not encoded by mua-6 associate with hemidesmosomes. Animals segregating from a nc16 homozygote rescued by expression
of a MUA-6/IFA-2::GFP fusion protein stained with anti-GFP (A, B, C, and F) or MH4 (D and E). (A) Comma stage embryo stained for GFP. (B) Three-fold
embryo stained for GFP. The GFP at this stage is organized in circumferentially oriented stripes in regions of the hypodermis adjacent to muscle. (C)
Three-fold nc16 homozygous embryo that no longer carries the transgene stained for GFP. (D) The same embryo as in (C) stained with MH4 showing
intermediate filaments are still associated with hemidesmosomes in nc16 homozygotes. (E) Fragment of an adult worm showing MH4-positive intermediate
filaments in the hypodermis (arrows) and in the pharynx (arrowheads). (F) The same fragment shown in (E) stained for GFP in the hypodermis (arrows) but
not in the pharynx (arrowheads). Scale bars are 20 m.
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mice, where filaments consisting of K14/K5 dimers may
coexist with filaments consisting of K5/K15 dimers (Lloyd
et al., 1995).
Like the vertebrate epidermal keratins, C. elegans MUA-
6/IFA-2 is required for cellular and tissue integrity. Mouse
strains deleted for epidermal keratins K10 (Porter et al.,
1996) or K14 (Lloyd et al., 1995), as well as human patients
with mutated keratin genes (reviewed in Fuchs and Cleve-
land, 1998) all show skin fragility resulting in severe blis-
tering in response to mechanical stress over parts of their
bodies. Microscopic analysis of tissue sections from the
homozygous K10 or K14 mice demonstrates the blisters
are due to rupture of the epithelial cells that normally
express the wild-type version of the mutated gene. Simi-
larly, mua-6 homozygotes display ruptures within the hy-
podermis, a tissue in which MUA-6/IFA-2 is expressed. In
C. elegans, the rupture does not cause blistering but instead
results in the displacement of the bodywall muscle cells
away from the bodywall. This is presumably because the
cuticular exoskeleton of the worm prevents an outward
blistering.
The observation that MUA-6/IFA-2 accumulates and ap-
pears to complex with hemidesmosomes some 24 h before
the protein is required raises some interesting possibilities
concerning the function of the protein. Since other cIFs are
present at hemidesmosomes, it seems likely that they can
compensate for lack of MUA-6/IFA-2 at stages before the
L1–L2 stage. However, at about the time of the L1–L2 molt,
a reduction or loss of MUA-6/IFA-2 function results in
lethality. One possibility is that, at the time of the molt or
soon after, muscle contractions become stronger. In the
mua-6 mutants, the strength of the hypodermal IF network
is not strong enough to withstand the increased tension.
Alternatively, MUA-6/IFA-2 may play a unique role among
cIFs during the molting process. At least one non-cIF pro-
tein of nematode hemidesmosomes, MUA-3, shows a sim-
ilar early deposition and delayed requirement (Bercher et
al., 2001). This protein is clearly required at the apical
hemidesmosomes and is predicted to play a role maintaining
hypodermal–cuticle attachments during molting. In addi-
tion, mutations in mua-3, like those in mua-6, result in a
separation of the basal and apical hypodermal surfaces,
suggesting that both proteins may act together within a
common macromolecular complex at the same time. Fi-
nally, as a third possibility, levels of a compensatory cIF
expressed in embryos may become reduced at later stages.
Expression of IFA-3, the IF with the greatest sequence
similarity to MUA-6/IFA-2, becomes substantially reduced
as development proceeds, although the timing of this reduc-
tion is not entirely consistent with the onset of the mua-6
phenotype (Dodemeont et al., 1994; Karbinos et al., 2001).
Future analysis of mua-6 and related cIF genes will illumi-
nate the specific roles played by each of the cIFs in C.
elegans development.
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